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ABSTRACT 
A modification to the model of Weir et al . for 
surface reaction and transport controlled fatigue crack 
growth has been developed to explicitly account for the 
effect of load ratio on environmentally assisted fatigue 
crack growth. Load ratio was found to affect principally 
gas transport to the crack tip, and therefore affected 
only transport controlled crack growth response. 
Experimental verification of the modified model was made 
by studying the room temperature fatigue crack growth 
responses at different load ratios for a 2219-T851 
aluminum alloy exposed to water vapor. 
The results show that the effects of load ratio can 
be attributed to two different sources - one relating to 
its effect on local deformation at the crack tip and is 
reflected through the mechanical component, (da/dN) , and 
the other on its role in modifying environmental effect 
and is manifested through the corrosion fatigue 
component, (da/dN)cf. Furthermore, the results show that 
the saturation value of corrosion fatigue component, 
(da/dN)c£ g, is essentially independent of R, and that 
the exposure needed to produce "saturation response", 
(p0/2f)g, as a function of load ratio can be predicted 
from the modified model. The modified model, therefore, 
allows one to predict the corrosion fatigue crack growth 
response for any load ratio on the basis of measurements 
made at a single load ratio, provided that the values of 
(da/dN)  are known . 
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I. INTRODUCTION 
Fatigue crack growth is an important engineering 
problem of long standing, especially under the conjoint 
actions of mechanical fatigue and chemical attack. It is 
one of the principal factors that govern the reliability 
and serviceable lives of engineering structures. Fatigue 
crack growth has been shown to be a function of both 
stress intensity factor range, AK, and maximum stress 
intensity factor,Kmax, or of  AK and load ratio R, where 
A* " ^ax ~ Kmin and R = Kmin^max1 in one load cvcle 
[1-3].    A  number  of  empirical  relations  have  been 
developed to account for the influence of load ratio 
[1,3-6],   Being based on continuum mechanics,  these 
empirical relations can deal, at best, with the influence 
of local deformation.   It is now recognized that the 
influence  of  load  ratio  may  be  attributed  to  two 
different sources -- one relating to its effect on local 
deformation at the crack tip, and the other on its role 
in modifying environmental  effects.   At a given  AK 
level,  the  presence  of  a  mean  load  contributes  to 
additional local deformation, so that the crack growth 
rate can be expected to increases with increasing load 
*The load ratio R is defined as the ratio between 
minimum and maximum loads in a given cycle. The 
definition used here, in a strict sense, only applies to 
those cases where K • >0. min 
ratio, R. This increase in rate with R has been verified 
experimentally [1,3-6]. By the same token, the effective 
crack opening at the same AK level, (or the same Kjnax 
level), will be larger for the higher R values. This 
change in effective crack opening will affect the 
transport of gases to the crack tip and thereby alter 
crack growth response. 
The effect of R on environment assisted crack growth 
has not been considered and will be examined in this 
thesis. A model for surface reaction and transport 
controlled fatigue crack growth [7], developed and 
experimentally verified recently, will be used. This 
model is able to account for the influence of gas 
pressure and cyclic load frequency on the rate of fatigue 
crack growth. However, it did not explicitly incorporate 
the influences of load ratio. To broaden the 
applicability of this model, modifications to incorporate 
the influences of load ratio will be developed and will 
be verified experimentally. 
The development of the model for surface reaction 
and transport controlled fatigue crack growth is first 
briefly reviewed. Necessary modifications are made based 
on the consideration of different load ratios and actual 
wave form of the applied load. To verify the effects of 
load ratio on environment assisted crack growth, fatigue 
crack growth experiments have been carried out under 
sinusoidal loading with different load ratios on an Al-Cu 
- 2 - 
alloy (2219-T851 aluminum alloy) in water vapor and 
dehumidified argon at room temperature. Experimental 
results are then reported, and are discussed in terms of 
the modified model. 
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II. MODELING OF FATIGUE CRACK GROWTH 
Modeling of environment assisted fatigue crack 
growth was based on the proposition that the rate of 
crack growth in an aggressive environment, (da/dN)e, is 
composed of the sum of two components, when the 
contribution from sustained-load crack growth is 
negligible [2,7,8,9]. 
(da/dN)  = (da/dN)  + (da/dN) , (1) 
e r ct 
In equation(l), (da/dN) is the rate of crack growth in 
an inert environment and represents the contribution of 
"pure" (mechanical) fatigue; and (da/dN)cf is the 
cycle-dependent environmental contribution, or the 
corrosion fatigue component, which requires the conjoint 
action of fatigue and environmental attack. 
An one-dimensional model was developed by Weir 
et al. [7], and modified by Wei and Simmons [8], to 
account for the influences of environmental variables on 
(da/dN) f. Development  of  this  model  is  briefly 
summarized to provide background for the proposed 
modification for R effect [7-10]. The following 
assumptions were made [7,8] 
1. The environmental contribution to the rate of 
fatigue crack growth, (da/dN)c£, is assumed to 
be proportional to the amount of embrittling 
- 4 - 
species (hydrogen) produced by the surface 
reactions during each loading cycle , and is 
thus proportional to the product of the 
"effective" crack area and the extent of 
surface reaction. 
2. The reactive surface (new crack surface) is 
assumed to form instantaneously at the maximum 
load, and the geometry of the crack is assumed 
to remain fixed until unloading. The time 
available for reaction is thus taken to be 
one-half of the fatigue cycle. 
3. The rates of diffusion and embrittlement are 
assumed to be much faster than those of gas 
transport and of the surface reactions, and 
therefore do not need to be considered. Gas 
transport, at low pressure, is assumed to be 
described by molecular or Knudsen flow [12] 
The governing differential equations for flow and 
surface reactions are as follows [7,8]: 
d£   SNokT de  F, 
at = " —v— at + v(po " p) <2> 
|| = kcpf(6) = k p(l - 6) (3) 
_ c _ 
The terms in the equations are as follows: 
F = 8.72 x 102 B(oys/E)2 (T/M)1/2 B£ (in m3/s) 
= Knudsen flow parameter that depends on 
dimension and shape of the capillary, molecular 
weight (M) of the gas and temperature (T). The 
specific form of this expression reflects an 
attempt to account for constriction in flow by 
the real crack, where ovs is the yield 
strength, E is the Young's modulus and B is the 
specimen thickness, I is a selected distance 
(of the order 10 m) from the crack tip used in 
defining a crack opening, and 8 is an 
empirical quantity to be determined from the 
crack growth data [8,11] 
k  = reaction rate constant, (Pa-s) 
_ o 
N  = density of surface sites; molecules (atoms)-m 
p  = pressure of gas at the crack tip; Pa. 
p  = pressure of gas in the surrounding environment; 
Pa . 
k  = Boltzmann constant = 
1 .38xl0"23Pa-m3-molecules"1-K~1. 
5 = a(2BAa*) = area of  "effective"  crack surface 
per cycle, where Aa* = "effective" crack 
increment , B =» specimen thickness, and a = 
empirical constant for surface roughness and 
crack geometry [8]. 
T  = absolute temperature. 
V  = control volume at the crack tip, i.e., volume 
associated with the distance i. 
6 = fractional  surface  coverage  or  extent  of 
reaction of surface per unit area. 
From equation (2), it can be seen that the rate of 
change of pressure at the crack tip depends on the 
decrease in pressure produced by reaction of the 
environment with the active ("effective") crack surface 
and on the increase in pressure from the influx of gas 
- 6 - 
from the external environment. The form f(8) ■ 1 - 8 in 
equation (3) incorporates the assumption that the surface 
reaction is fist-order in relation to available surface 
sites [3,4] . 
Solutions for equations (2) and (3), with 
f(8) = 1 - 8, were obtained for two limiting cases, for 
0 < 6 < 1, and were used in conjunction with assumption 1 
to estimate the influences of key environmental and 
loading variables on the cycle-dependent component of 
fatigue crack growth rate, i.e., on (da/dN)C£ [7-10]. 
Case I: Transport controlled. 
F SN  kTk 
9
  * SFTT Pofc        for      °F    C "  l (4) o 
Case   II:   Surface   reaction  controlled. 
SN  kTk 
8*1-  exp(-  k  p   t) for  —%   <<   i (5) 
co F 
In the transport controlled case, because of the rapid 
reactions of the environment with the freshly created 
crack surfaces (high k ) and the limited rate of supply 
of the environment to the crack tip, significant 
attenuation of gas pressure takes place at the crack tip 
(see Figs. 1 and 2). The extent of surface reaction (8), 
see equation (4), during one cycle is controlled by the 
rate of transport of the aggressive environment to the 
crack tip, and thereby varies linearly with time.  For 
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the surface reaction controlled case, the reaction rates 
are sufficiently slow so that the gas pressure at the 
crack tip is essentially eaual to the external pressure. 
The extent of reaction, for f(8) = 1-9, becomes an 
exponential function of time, equation (5). 
To explicitly incorporate the effect of load ratio, 
it is necessary to reconsider the flow parameter in the 
model [8,9]. As in the original model [7], for 
estimating the flow parameter F, it is most convenient to 
treat the crack as an equivalent rectangular channel , 
with an effective opening 6 , an effective length L, 
and a width equal to the specimen thickness B. Based on 
Knudsen flow [12], F for the rectangular channel is given 
by equation (6). 
3  a 
6 B 
2L (6) 
where Va= 1.45 x 102 (T/M)1/2 (m/s) is the r.m.s. (root 
mean square) velocity of the gas molecules . 
To provide a consistent basis for comparison and to 
properly reflect the influence of cyclic loading, the 
effective opening is given in terms of an effective 
elastic crack opening at a distance 2. from the crack tip 
[12], modified by a multiplicative constant .  To account 
for the fact that the crack opening varies during cyclic 
2 
loading and the average effect of 6   on F (see equation 
(6)),  the  r.m.s. value of elastic crack opening  for 
- 8 - 
sinusoidal loading is used here, in place of that based 
on K  x in the original model [7,8] (see appendix). 
3K 
5   =8; rms    1 
max
 ST  . £ 
E        2 (1 + R)
2
 + i (1 - R)2 
nl/2 
(7) 
The constant 8 ■> is assumed to provide adequate correction 
for crack geometry, including the effect of local plastic 
deformation. 
It is necessary also to redefine the effective flow 
length. Constriction in flow is believed to result from 
local plastic deformation, associated with the process of 
crack growth, in the wake of the crack. The local 
deformation is expected to be confined within the crack 
tip plastic zone. As such, it is reasonable to assume 
that the length of flow constriction is related to the 
cyclic plastic zone size. Therefore the effective flow 
length is redefined in terms of the cyclic plastic zone, 
(i.e., one based on  AK), in place of that based on K„,,„ 
lua X 
in the original model [7]. 
L = 6* AK (8) 
ysj 
The parameter  82  is again assumed to be a constant, 
which includes an appropriate coefficient for the cyclic 
plastic zone,  and 
alloy. 
ys is the yield strength of the 
9 - 
( 
Cn the basis of these assumption, the flow parameter 
may now be given as follows: 
F = 8.72 x 10  8 f(R) 2 „**,„, 
u
xs B£ 
1/2 
(in m /s) 
where 6=6, /62 >     and (9) 
f(R) = i "fl + R" 4 Li1 ~ R 
The quantity 8.72 x 10 is a dimensioned constant, with 
the units of (m2/s) (gm/K) ' . The expression for F 
differs from that given by Weir et al . [7], and Wei and 
Simmons [8], in that a function f(R) is introduced here 
to explicitly account for the influence of load ratio. 
As a result, the parameters 6,, 69 and 6 assume 
values that are different from &■,, 62 ar*d 8 defined 
previously [8,9], although the physical significance of 
these parameters remains unchanged. In the original 
model, the influence of load ratio was implicitly 
incorporated in these parameters, whereas, in this 
modification the influence of load ratio is explicitly 
treated.  Specifically, 6*f(R)   is equal to 6 . 
Based on assumption 1, (da/dN)cf CT 9Aa*, and by 
taking the "effective" crack increment ( Aa*) along with 
t in the expression of F to be equal to the growth 
increment per cycle at saturation (i.e., for 8 =1, 
Aa* = I   = (da/dN)0 e(D) and t equal to l/2f [1,3], the 
- 10 - 
following expressions can be obtained from equations (4) 
and (5) : 
Case I:  Transport controlled. 
(P0/2f)s 436 —f(R)  ^-y 
a
 N kTE 
o 
1/2 -1 
(10) 
(da/dN) *      0^     1/2 p 
TdaTdN)  « 436 Vf (R) —f2"? fi 
e,s        u     N kTE { 
o 
(da/dN) 
cf (pQ/2f) 
(da/dN)cf,s   {po/2f)s 
o 
2f (11) 
(12) 
Case II: Surface reaction controlled 
(da/dN) 
cf 
(da/dN) 
e,s 
« 1 - exp(-k p /2f) (13) 
(da/dN) 
cf 
(da/dN) 
cf ,s 
= 1 - exp(-kcp0/2f) (14) 
Subscript s is used to denote the corresponding values at 
saturation and "B /a" is an empirical parameter [8] to be 
determined from the fatigue crack growth experiments. 
The engineering significance and implications of the 
modified model may be discussed in relation to equations 
(10) to (14). The modified model provides a formalism 
for "predicting" environmentally assisted crack growth 
response  in relation to load ratio,  gas pressure and 
- 11 - 
cyclic  load  frequency.    Specifically,  for  transport 
controlled case, the model shows: 
- (p /2f) is an explicit function of R, see 
equation (10), and depends also on the 
properties of the alloy, molecular weight of 
the aggressive gas and temperature. 
- Below  saturation  (da/dN) £  is  an  explicit 
function of (p /2f) and (p0/2f)  >    see equation 
(12),and thus also depends on R. 
T^.e actual value of (da/dN)c£ is proportional to the 
extent of surface reaction, i.e., on 9 , see assumption 
1. Since the extent of surface reaction (coverage) is 
limited, (da/dN) £ will arrive a saturation value of 
(da/dN)„f _ above a critical value of p_/2f, i.e., above 
(p /2f)_, for which the coverage is completed (9=1) 
during each loading cycle. Thus (da/dN)c£ should be 
independent of R at a given AK level . Because load 
ratio affects only gas transport, environmentally 
assisted crack growth response is not expected to depend 
on R for the case of surface reaction controlled growth, 
see equations (13) and (14). Therefore, only the 
transport controlled case will be examined experimentally 
to verify the model. 
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III. MATERIAL AND EXPERIMENTAL WORK 
A. Material and Specimen 
A 16.5 mm thick plate2 of 2219-T851 aluminum alloy 
is used in this study. Nominal tensile properties of 
this plates are as follows: yield strength = 358 MPa and 
tensile strength = 455 MPa. The plane strain fracture 
toughness is about 36 to 41 MPa-m1' . 
Wedge-opening-load (WCL) specimens, Fig. (2), with 
half-height to width ratio (H/W) of 0.486, were selected 
for use. The specimens were oriented in the longitudinal 
(LT) orientation. An initial (or crack starter) notch, 
19.6 mm in length, was introduced into each specimen by 
electro-discharge machining (EDM). Each specimen was 
precracked in constant amplitude fatigue at the desired 
load level for the actual experiment while exposed to the 
test environment. The precracking procedure provided a 
fatigue crack of about 3.3 mm in length from the starter 
notch, corresponding to a crack length of about 23 mm at 
the start of each experiment. This precracking procedure 
ensured that the subsequent fatigue crack growth would be 
through material that had not been altered by the notch 
preparation procedure, and would be unaffected by the 
starter notch geometry. 
7 Plate  furnished  by  Air  Force  Flight  Dynamics 
Laboratory, WPAFB, CH. 
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B. Stress Intensity Factor Calibration 
Stress intensity factor K for the WOL specimen was 
computed from equation (15) [14,15] : 
K = g^/a [30.96 - 195.8 (a/W) + 730.6 (a/W)2 
- 1186.3 (a/W)3 + 754.6 (a/W)4] (15) 
where P = applied load 
B = specimen thickness 
W = specimen width 
a = crack length 
Both specimen width and crack length were measured from 
the line of loading (see Fig. 3). 
C. Test Environment 
The crack growth experiments were carried out in 
dehumidified argon and in water vapor inside a commercial 
ultrahigh vacuum chamber, Fig. 4, at room temperature. 
The vacuum chamber had been modified to provide 
mechanical force feedthroughs and was pumped to an 
ultrahigh vacuum of less than 10 Pa (after bakeout) 
before backfilling with the selected test environment. 
For tests in argon, approximately 2.7 kPa (20 torr) of 
ultrahigh purity argon was admitted into the chamber 
through a cryogenic trap to remove impurities, such as 
water vapor. Water vapor was obtained from a high-purity 
water source attached as a sidearm to the vacuum chamber. 
Impurity level of the water vapor was estimated to be 
- 14 - 
less than 100 ppm. Pressure was monitored by a 
capacitance manometer and purity was verified with the 
aid of a quadrupole residual gas analyzer (RGA) . For the 
test in dehumidified argon at a load ratio of 0.5, the 
environment was maintained around the crack by flowing 
argon (from a suitable purification system) at 
approximately 133 kPa through chambers clamped to the 
faces of the specimen [17]. 
D. Crack Monitoring System 
An ac (alternating current) electrical potential 
system, Fig. 4, was used for monitoring crack growth 
[18-20]. Calibration results, (see Fig. 5), given in 
terms of crack length (a) versus potential difference 
(V - V ), can be represented by equation (16), see [19]. 
a = 19.6 + 4.03 (V - Vr)       (a in mm)        (16) 
V = V(a) = potential corresponding to crack length a, 
and V = reference potential corresponding to the 
initial notch. Both V and V are given in microvolts. 
Accuracy of crack length measurement with the ac system 
was estimated to be better than 1 pet, for crack lengths 
from 20 to 48 mm (0.8 to 1.85 in.). The resolution was 
better than 0.05 mm (0.002 in.) based on 12.5 nV 
resolution in electrical potential. 
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E. Experimental Procedures 
The fatigue tests were carried out under 
constant-load-amplitude, sinusoidal loading in a 
closed-loop electrohydraulic testing machine, Fig. 7, 
operated in load control . A programmed digital 
controller is interfaced with the testing machine, to 
provide automated control and data acquisition. Load 
control was estimated to be better than 1 pet. Load 
ratios of 0.2 and 0.5 were used. Taken together with 
data obtained previously at R = 0.05 [9], three different 
load ratios are then available for verifying the proposed 
model for environmentally assisted crack growth. For the 
tests in argon, frequencies of 5 and 20 Hz were used. 
Tests in water vapor were carried out at 5 Hz. The tests 
covered stress intensity factor range ( AK ) values from 
about 10 MPa-m1'2 to about 26 MPa-m1'2. 
- 16 - 
IV. RESULTS AND DISCUSSIONS 
Room temperature fatigue crack growth data obtained 
from tests in water vapor at pressure from 0.4 to 133 Pa 
(3.0 x 10"3 to 1 torr), for load ratios of 0.05 (see [9]) 
and 0.2 and 0.5, are shown as a function of stress 
intensity factor range ( AK) in Figs. 8-10, along with 
data obtained from tests in dehumidified argon. These 
data are also shown in Figs. 11-13 as a function of water 
vapor pressure and p /2f at three AK levels. Assuming 
that 1 ppm of water vapor remains as impurity in 
dehumidified argon, tests in dehumidified argon at 
2.7 kPa would be equivalent to those in vacuum at about 
2.7 x 10~3 Pa (2 x 10~5 torr), and that in argon at 
133 kPa, to vacuum at 1.3 x 10 Pa. The dehumidified 
argon data are used in calculating (da/dN) £ (see 
equation (1)). 
For the tests with load ratio of 0.2,  the crack 
growth rates at 2.66 and 13.3 Pa correspond to those for 
maximum  environmental  effect  or  "saturation",  i.e., 
(da/dN),, _.  For R = 0.5, the saturation values are taken e, s 
to be those corresponding to 1.0, 1.4 and 133 Pa. The 
average of the differences between (da/dN)r and these 
rates for each load ratio is taken as (da/dN)c£ for 
that load ratio. The normalized corrosion fatigue 
component, (da/dN)cf/(da/dN)cf s, are then calculated and 
plotted  as  a  function  of  water  vapor  pressure  for 
- 17 - 
different load ratios in Figs. 14-16. The error bands 
represent 95 pet confidence intervals computed from the 
residual standard deviations in each set of data [17,21]. 
The values of (p~/2f)_ for the onset of saturation 
response were estimated and are 0.64 Pa-s, 0.26 Pa-s, 
0.10 Pa-s for load ratios of 0.0?, 0.2 and 0.5 
respectively (Figs. 11 to 13). These values are shown as 
a function of [f(P)]~ in Fig. 17. Least-squares 
regression analysis of these data showed that (p0/^^^s *s 
linearly proportional to [f(P)]~ ; the dependence is in 
agreement with the model prediction (i.e., with 
equation (10)). This correlation indicates that the 
empirical parameter 8 /a is constant and is approximately 
equal to 3.8. The value of 6 /otf(R) at R = 0.05 is 1.6 
which is identical with the value of 8/cx given by Weir 
et al . [7]. 
From the regression analysis, values of (p_/2f)_ are 
found to be 0.58 Pa-s, 0.36 Pa-s and 0.11 Pa-s for load 
ratios of 0.05, 0.2 and 0.5, respectively. Eased on 
these values and the modified model, curves for crack 
growth response are obtained from equation (13) and (14), 
and from the experimentally measured values of (da/dN)_ 
and (da/dN)c£ s- They are shown as solid lines in 
Figs. 11-16. Although the predicted curves agree fairly 
well with the experimental data, the normalized 
(da/dN) ^/(da/dN) ^ s data do not appear to fully conform 
to  the  predicted  linear  dependence  in  (pQ/2f),  for 
- 18 - 
(p /2f) < (Pr/2f)s- The probable causes for this 
discrepancy have been examined thoroughly. The 
discrepancy is not believed to be attributable to (i) the 
assumption of an one dimensional model, (ii) the 
assumption that the reaction time is equal to l/2f, or 
(iii) the probable level of water vapor in the reference 
environment (i.e., in the dehumidified argon used here). 
The apparent deviation from linearity is believed to 
result mainly from the large uncertainties involved in 
the calculation of (da/dN)c£. Because (da/dN) £ 
represents the difference between (da/dN) and (da/dN) , 
errors tend to be very large, particularly at the lower 
water vapor pressures. The errors tend to be 
particularly troublesome for this 2219-T851 aluminum 
alloy. Because of the relatively mild influence of 
environment, the (da/dN) £ data can be significantly 
biased by uncertainties in the measured values of 
(da/dN) . In this context, uncertainties in water vapor 
pressure can also affect the results. To better evaluate 
the model, materials that are more sensitive to water 
vapor should be chosen. 
In light of these uncertainties, the apparent 
disagreement is not believed to be significant, and the 
following observations can be made: 
1. The  pressures  or  p /2f  needed  to  produce 
"saturation" are essentially independent of AK 
for each case-(i.e., at a given load ratio). 
- 19 - 
2. The   values   of   (pQ/2f)s   predicted   from 
* 
equation (10),   using 0 /a   = 3.8,   are   in 
reasonable  agreement  with  the  experimental 
data . 
3. The enhancement of crack growth is a linear 
function of PQ/2f below (pQ/2f) . 
To further evaluate the model, experimental values 
of (da/dN)r and (da/dN)cf s are listed in Tables 1 and 2. 
Table 1 shows that (da/dN)r increases with increasing 
load ratio. This trend is consistent with the fact that 
the mechanical  component,  (da/dN) ,  is  controlled  by 
local deformation at the crack tip, and is expected to 
increase with mean load at a given AK.   Table 2 shows 
that  (da/dN)cf s  is  independent of R,  at  the 95 pet 
confidence level [22].  This is consistent with the fact 
that  the  influence  of  P  on  the  corrosion  fatigue 
component, (da/dN)cf, is principally related to its role 
in  modifying  gas  transport.    At  saturation,  as  the 
surface reaction is limited (i.e., 6 = 1), there should 
be no significant change in (da/dN) £ s for the cases 
with different R but same AK. 
* 
The foregoing discussion suggests  that 8 /a is a 
material constant and can be used to predict (p_/2f)_ 
using equation (10).   Since  (da/dN)cf s appears to be 
independent of R, once (da/dN)cf s is measured at one 
- 20 - 
load ratio, then (da/dN)cf can be quantitatively 
predicted for all R. Furthermore, if the values of 
(da/dN) can be defined for all R, then the crack growth 
rate (da/dN)  can be predicted for all R. 
- 21 - 
V. SUMMARY AND CONCLUSIONS 
A modification to the model of Weir et al. for 
surface reaction and transport controlled fatigue crack 
growth has been developed to account for the effects of 
load ratio on environmentally assisted crack growth. The 
modification is based on considerations that load ratio 
affects gas transport to the crack tip through its 
influences on the effective crack opening during cyclic 
loading and the effective length of flow restriction, 
which is related to the cyclic plastic zone size. 
Because load ratio affects principally gas transport to 
the crack tip, only the transport controlled crack growth 
response would be altered. Experimental verification of 
modified model has been made by studying the room 
temperature fatigue crack growth responses at different 
load ratios for a 2219-T851 aluminum alloy exposed to 
water vapor. 
The principal findings of this investigation are as 
follows: 
1. The pressures or exposures (p /2f) needed to 
produce    "saturation", (pQ/2f)s,    are 
essentially independent of AK and are lower 
for the higher load ratios. 
- 22 - 
2. The "saturation" pressure or exposure as a 
function of load ratio can be predicted 
reasonably well from the modified model based 
on Knudsen flow. An empirical parameter, 
8 / <x i used in the model to account for surface 
roughness, localized deformation, appears to 
be a constant for a given material. For the 
2219-T851 aluminum alloy used in this study, 
8 /a is approximately equal to 3.8. 
3. The rate of fatigue crack growth in an inert 
environment, (da/dN)r, increases with load 
ratio at a given AK level. 
4. The saturation value of the corrosion fatigue 
component, (da/dN)cf s, is independent of R at 
a given AK level. 
5. The enhancement of crack growth, (da/dN) £, is 
a linear function of (pQ/2f) below (pQ/2f)s. 
The modified model, therefore, allows one to compute 
the corrosion fatigue crack growth response for any load 
ratio on the basis of measurements made at a single load 
ratio, provided that the values of (da/dN)r are known. 
The results confirm that the effects of load ratio on 
environment assisted fatigue crack growth can be 
attributed to two different sources -- one relating to 
its effect on local deformation at the crack tip and is 
- 23 - 
reflected through the mechanical component, (da/dN)_, and 
the other on its role in modifying gas transport and is 
manifested through the corrosion fatigue component, 
(da/dN)cf. 
- 24 - 
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Figure 1:  Changes in pressure at the crack tip with 
time from numerical integration of equations 
(2) and (3) [7]. 
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2 Holes with Diameter D 
B °o W H w, C D E F 
mm 16.5 19.6 64.8 31.5 83.8 14.0 15.9 12.4 25.1 
in. 0.65 0.77 2.55 1.24 3.30 0.55 0.63 0.49 0.99 
P - potential lead connection point 
Q - current lead connection point 
Figure 3: Wedge opening loading (WOL) specimen for 
fatigue tests. 
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Figure   17 Influence of load ratio on the saturation 
value of exposure in 2219-T851 aluminum 
alloy at room temperature.  Solid lines 
represents the best fit to the data. 
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TABLE I 
Fatigue Crack Growth Rate in an Inert Environment (dehu- 
midified argon), (da/dN) , at different R and AK for 
2219-T851 aluminum alloy at room temperature. 
(da/dN)  at indicated AK 
R 10 12 15 
0.05 3.82 6.40 12.1 
0.2 4.41 7.91 16.2 
0.2 4.60 8.06 16.0 
0.5 5.04 
TABLE II 
10.4 25.4 
Saturation Values of Corrosion Fatigue Component, 
(da/dN) _  , at different R, p  am 
cr , s *o 
aluminum alloy at room temperature 
cf nd AK for 2219-T851 
(da/dN) f   at indicated AK 
R Po 10 12 15 
0.05 6.9 8.51 14.2 26.8 
0.05 26.6 7.10 11.9 22.4 
0.2 2.66 9.47 14.2 22.9 
0.2 13.3 8.83 13.4 22.2 
0.5 1.0 9.76 14.8 22.9 
0.5 1.4 9.62 14.0 20.1 
0.5 133 9.44 
- 42 - 
14.7 23.8 
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APPENDIX 
The r.m.s. Value of Elastic Crack Opening 
Based on the considerations that the elastic crack 
opening varies during cyclic loading and that the flow 
2 
parameter F depends on 5  (see equation (6)), the r.m.s. 
value of elastic crack opening is used to model  the 
influence of crack opening on flow.   For plane strain, 
the elastic crack opening is given by equation (A-l). 
6  = 
e 
3K/I (A-l) 
Because the change in  6  is related to the change in 
e 
stress  intensity factor  (K)  or applied load  (P),  the 
r.m.s. value of <5  is defined in terms of the r.m.s. 
e 
value of P or K. 
Time ( t) 
Figure A:  Schematic representation of fatigue 
load components. 
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For a cyclic loading (see Fig. A) with wave form 
W(t) and period T , the variation in load with time, 
P(t), is expressed by equation (A-2). 
P(t) = 1 + R , 1 - R W(t) 
max 
(A-2) 
The r.m.s. value of P is defined by equation (A-3). 
rms LT Jo 
P (t) dt 
1/2 
(A-3) 
For sinusoidal loading, W(t) is given by sin(27Tt/i). By 
substituting P(t) from equation (A-2) into equation (A-3) 
and integrating the resulting equation, the r.m.s. value 
of P for sinusoidal loading is obtained. 
P      1 
rms = ^ 
2   1        2 (1 + R)Z + j   (1 - R)Z
1/2 
max 
(A-4) 
From equations (A-l) and (A-4), the r.m.s. value of <$ 
can be expressed as a function of K^ax and load ratio R. 
rms 
3 K   /T . 
max   1 
E    2 (1 + R)
2
 + | (1 - R)2 
1/2 
(A-5) 
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